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In this work, a-Al2O3:C, a highly sensitive thermoluminescence
dosimetry crystal, was grown by the EFG method in which a
graphite heating unit and shield acted as the carbon source dur-
ing the growth process. The optical, luminescent properties and
dosimetric characteristics of the crystal were investigated. The
as-grown crystal shows a single glow peak at 536 K, which is
associated with Cr31 ions. After annealing in H2 at 1673 K for
80 h, the crystal shows a single glow peak at 460 K and a blue
emission band at 415 nm. The thermoluminescent response of
the annealed crystal shows linear–sublinear-saturation charac-
teristics in the dose range from 5 106 to 100 Gy.
I. Introduction
THERMOLUMINESCENCE (TL) detectors have been widely usedto measure the environmental dose/dose rates and radiation
doses received by personnel during routine occupational expo-
sure. However, among the different TL phosphors available so
far, only a few phosphors such as doped LiF,1 CaF2,
2 and
CaSO4
3 have found practical application and are being com-
mercially produced. Therefore, the development of new and
highly sensitive TL phosphors is necessary.
Undoped Al2O3 was initially suggested as a thermolumines-
cence dosimetry (TLD) material in the 1950s.4 However, it was
not widely used because of its low sensitivity. Since then devel-
opments of Ti doping, Ti and Si doping, Mg and Y doping, Cr
doping, and Cr and Ni doping have been reported in order to
improve its sensitivity.4 Recently, a new TLD crystal, Al2O3
doped with carbon (a-Al2O3:C), was developed in Urals Poly-
technical Institute.5 a-Al2O3:C single crystal has TL sensitivity
40–60 times higher than LiF:Mg, Ti, and the emission band at
410–420 nm coincides with the region of most favorable response
to the photomultiplier tubes.6 Additionally, this TLD crystal had
been successfully developed for optically stimulated luminescence
dosimetry.7 The conventional growth of a-Al2O3:C involves crys-
tal growth from melt under highly reducing atmosphere in the
presence of graphite,5 but the TL properties of as-grown
a-Al2O3:C exhibit signiﬁcant variations with slight changes in
the growth conditions.8 In the present work, an a-Al2O3:C single
crystal sheet with excellent TL sensitivity was grown by the
edge-deﬁned, ﬁlm-fed growth (EFG) technique, and the TL and
dosimetric properties of the as-grown crystal are reported.
II. Experimental Procedure
The EFG method was developed from the Czochralski tech-
nique by Dr. Labelle,9 and sapphires with different shapes, such
as ribbon, ﬁlament, tube, and bar, can be grown by the EFG
method quickly and at low processing costs. Molybdenum die
and crucible (Aluminum Corporation of China, Chinalco,
Beijing, China) of a proper size were designed, and a graphite-
heating unit and shield (Shanghai Toyo Tanso Co. Ltd., Shang-
hai, China) were used, which acts as the carbon source in growing
the a-Al2O3:C crystal. During the growth process, highly reduc-
ing ambient atmosphere was maintained, and the growth speed
was 0.3 mm/min. The as-grown crystals were annealed in differ-
ent atmospheres for various times to obtain a-Al2O3:C crystals.
The optical absorption spectra were measured using a UV/
VIS/NIR spectrophotometer (Model V-57750, JASCO, Tokyo,
Japan) at room temperature. The TL spectrum was obtained
using a thermoluminescent reader (Model FJ-427A1, Beijing
Nuclear Instrument Factory, Beijing, China). The light detector
was an Electron Tubes 9235QB (Hamamatsu Electronic Press
Co., Ltd, Iwata City, Japan) photomultiplier tube. Three-di-
mensional TL emission spectrum was measured using a linear
heater and an EG&G PAR optical multichannel analyzer. The
detector is a 512 512 lines thermoelectrically cooled OMA-Vi-
sion CCD. The samples were irradiated in an X-ray source (Cu
target, 50 kV, 40 mA, dose rate: 5 Gy/min) before TL measure-
ments. All TL measurements were performed from room tem-
perature to 773 K at a heating rate of 2 K/s. The dosimetric
characteristics of a-Al2O3:C crystal were measured after irradi-
ation in the 137Cs source (BUCHLER OB85, Braunschweig,
Germany). The excitation spectrum of the crystals was obtained
using a ﬂuorescence spectrometer (Perkin-Elmer LS50B, Wal-
tham, MA) with 50 nm/min scanning speed.
III. Results and Discussion
Figure 1 shows a photograph of an a-Al2O3:C crystal sheet
grown by the EFG method. Slight growth striations can be seen
on the surface of the crystal, and some black material was found
near the seed. The growth speed (0.3 mm/min) of crystal by the
EFGmethod is very fast and the temperature of the furnace was
not very stable, which caused growth striations on the surface.
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The as-grown crystal (sample no. 1) was cut and polished, and
then annealed in H2 at 1673 K for 80 h (sample no. 2). Another as-
grown and polished sample was ﬁrst annealed in air at 1673 K for
36 h, and then annealed in H2 at 1673 K for 80 h (sample no. 3).
Figure 2 shows the absorption spectra of all three types of crystal
samples. Two absorption bands, 206 and 256 nm, associated with
F-centers and F1-centers, respectively,10,11 were observed in all
samples. However, sample no. 1 and sample no. 2 exhibit a much
larger absorption coefﬁcient at 206 nm than sample no. 3. The
absorption coefﬁcient of F-centers and F1-centers in sapphire is
directly inﬂuenced by oxygen vacancies; when one or two electrons
are captured by oxygen vacancy, F-centers and F1-centers are
formed. During the growth process, divalent ions of carbon im-
purity are supposed to replace trivalent cations of Al, which leads
to the formation of hole-trapping centers.5 It had been reported
that hydrogen has a strong decarbonizing effect at high temper-
atures,12 and the divalent carbon ions in the crystal decrease after
annealing in H2, which leads to a decline in absorption coefﬁcient
at 206 nm. Moreover, the carbon in the as-grown crystal vol-
atilizes in the form of CO or CO2 after annealing in air; hence, the
crystal that was ﬁrst annealed in air and then in hydrogen shows a
very low absorption coefﬁcient at 206 and 256 nm.
All samples were irradiated in an X-ray source with the dose
of 0.5 Gy before the TL measurements. Figure 3 shows the the-
rmoluminescent curves of sample nos. 1 and 2, and the thermo-
luminescent curve of commercial a-Al2O3:C grown by Landauer
Inc. is shown for comparison. No thermoluminescent phenom-
enon was observed in sample no. 3. Sample nos. 1 and 2 show
different glow peaks in the measurement temperature range,
with Tmax occurring at 536 and 460 K, respectively. Both sample
no. 2 and commercial a-Al2O3:C show the glow peak at about
460 K, which is the characteristic glow peak of a-Al2O3:C crystal
reported by Akselrod.5 However, sample no. 2 has a lower TL
sensitivity than the commercial a-Al2O3:C crystal under the
same measurement conditions. As we know, the EFG method
has a much faster growth speed than the Czochralski (Cz) tech-
nique; the sensitivity difference may be ascribed to the different
growth conditions and growth speed, which lead to different
oxygen vacancy concentrations in the crystals. It is very inter-
esting that sample no. 1 has a glow peak at 536 K, which is not
reported in the a-Al2O3:C crystal. The anion-defective, normally
pure a-Al2O3 crystal shows a glow peak at 534 K, while a glow
peak at 570 K was observed in the a-Al2O3:C crystal. Both the
glow peaks are associated with the Cr31 in the crystal.13 Hence,
we assumed that the glow peak at 536 K in sample no.1 is also
related to Cr31 ions contained in the crystal. When sample no.1
was annealed in H2 at 1673 K, the concentration of Cr
31 ions
decreased because of the conversion of the ions to another
charge state: Cr3þ ! Cr2þ. Hence the TL peak at about 536
K disappeared in sample no. 2, and the concentration of oxygen
vacancy increased at the same time. When the as-grown crystal
was ﬁrst annealed in air, the Cr31 was oxidized into Cr41, and
some of the carbon volatilized in the form of CO or CO2. How-
ever, the above decarbonization process is not completed. When
annealed in hydrogen, Cr41 is not converted back into Cr31
because Cr41 is much more stable than Cr31 in the sapphire
structure and almost all the carbon was removed due to the
decarbonizing effect of hydrogen.14 Therefore, the effects of
Fig. 1. a-Al2O3:C crystal sheet grown by the EFG method.
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Fig. 2. Absorption spectra of the Al2O3:C samples: no. 1, as grown;
no. 2, annealed in H2 at 1673 K for 80 h; no. 3, ﬁrst annealed in air at
1673 K for 36 h, and then annealed in H2 at 1673 K for 80 h.
Fig. 3. Thermoluminescence curves of sample nos. 1 and 2, and com-
mercial a-Al2O3:C crystal with the size of 5 mm 5 mm 1 mm; the
inset ﬁgure is the excitation spectrum of sample nos. 1 and 2.
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Fig. 4. Three-dimensional thermoluminescence emission spectrum of
sample no. 2.
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carbon in the crystal almost disappeared in sample no. 3. Hence,
both 536 and 460 K glow peaks are not found in sample no. 3, as
the TL sensitivity was too low to stimulate the luminescence
process. The excitation spectrum shown as the inset ﬁgure in
Fig. 3 indicates both samples have the same absorption band at
about 206 nm. It is certain that both glow peaks are associated
with F-centers.
Figure 4 is the three-dimensional TL emission spectrum of
sample no. 2. We can easily see the glow peak at B460 K
and the emission wavelength at B415 nm. The emission band
is blue-shifted as compared with the Akselrod’s result (420 nm),5
which may be ascribed to different growth methods and the
irradiation dose. The 415 nm emission is believed to be
caused by recombination of an electron with an F1-center,
according to
Fþ þ e ! F ! Fþ hnð415 nmÞ (1)
where F denotes an excited F center, which subsequently re-
laxes from the 3P state to the 1S ground state via emission of a
photon at 415 nm. Therefore, a proper model for TL emission in
a-Al2O3:C involves the thermal release of electrons from traps
into the conduction band, followed by recombination at F1-
centers and emission at 415 nm. The emission wavelength
matches with the spectral sensitivity maximum of the low-noise
photomultipliers, which is very important for an effective lumi-
nescence recording in a dosimetric apparatus.
Akselrod had pointed out that the main advantage of a-
Al2O3:C detectors is their high sensitivity to low-irradiation
doses.5 Figure 5 shows the TL response of sample no. 2 rela-
tive to a g dose. Data presented were obtained after irradiation
in the calibrated 137Cs source ﬁeld, and 10 samples, each of size
5 mm 5 mm 1 mm, were tested at each dose in order to ob-
tain the precise results. The TL response of sample no. 2 shows
linear–sublinear-saturation characteristics. The a-Al2O3:C de-
tectors exhibit good linear response in the wide dose range from
5 106 to 0.2 Gy, and sublinear feature from 0.2 to 10 Gy, and
saturation is reached at about 10 Gy. However, a-Al2O3:C crys-
tal grown by Akselrod at Landauer Inc. shows excellent linearity
in the dose range from 106 to 10 Gy, and saturation was ob-
served at about 30 Gy.5 The differences can be attributed to the
different growth method and the amount of carbon introduced
into the crystal during the growth process, which lead to the
different concentration of electrons and hole traps in the crystal.
The characteristics of an a-Al2O3:C detector allows one to solve
the problems of low-dose dosimetry in environmental monitor-
ing as well as those of personnel dosimetry.
IV. Conclusion
a-Al2O3:C crystal can be grown by the EFG method, and as-
grown crystal shows a highly sensitive TL property after an-
nealing in H2 at 1673 K for 80 h. The carbon introduced from
the graphite-heating unit and shield plays an important role
during the growth process. The 415 nm blue emission wave-
length of the crystal is in good agreement with the spectral sen-
sitivity maximum of the low-noise photomultiplier tubes. The
obtained a-Al2O3:C crystal shows good linear response in the
wide dose range from 5 106 to 0.2 Gy, which makes it suit-
able for universal applications in low-dose dosimetry in different
ﬁelds such as environmental monitoring, personnel dosimetry,
scientiﬁc research dose control, and so on.
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Fig. 5. Thermoluminescence response of sample no.2 relative to 137Cs g
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